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ABSTRACT

Computer simulations are often compleand computationally expensive. When properly
developed, reduced@rder models (ROMs) can overcome these challenges by providing a
computationally efficient surrogate that accurately captures the effects of an underlying high
fidelity thermal model (e.g. ®rmal Desktop®). ROMs can then provide thousands of simulation
results in seconds which enables evaluation of large design spaces. A rexdeednodeling
approach to predict spacecraft output responses for a set of input factors was developed. It is
basal on Latin Hypercube sampling and Gaussian Process regression modeling. This approach
was successfully applied to a broad range of applications including the Orion Crew Exploration
Vehicle and a nominal Hex Spacecraft Bus. Results compared favorablytalérs/ing Thermal
Desktop® model. This approach was developed into software tools that provide analysis features
such as screening studies, optimization, and response surface plotting.

INTRODUCTION

Spacecraft Thermal Contr@ulsystems (TCS) are commordyaluated using higfidelity,
powerful modeling tools. Capable of simulating a near limitless range of conditions, these tools
enable thermal engineers to examine a broad trade space. However, these computer
experiments can be computationally expensidMeminal thermal models, taking days to months

to develop, can have run times on the order of hours. Comparing and evaluating multiple TCS
design parameters amplifies these timelines. When built to evaluate several variables, these
costs can become challeing. ROMs have the potential to help alleviate this burden. When
properly developed, ROMs provide a computationally efficient surrogate that accurately captures
the effects of an underlying higfidelity model (e.g. Thermal Desktop®). ROMs can then provide
thousands of simulation results in seconds which enables evaluation of large design spaces
consisting of several variables. A ROM scheme was developed specifically for Thermal Desktop®.
The following paper provides a brief overview of how ROMs are desdlapd provides details

of how that approach is applied to the Thermal Desktop® environniénally, case studies are
provided to demonstrate the approach.

REDUCEDRDER MODBEVELOPMENT

ROMs were developed using statistical scheme based on samplingd adata fitting an
underlying Thermal Desktop® moddlhis approach is considerably different than nodal
reduction methods in that it relies on a set of hifiielity simulations (i.e. training data}p
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generate the ROM. In doing this, the proposed apphoecrobust and can be easily applied to
other problem classes, model types, and software packages.

The first step in developing a ROM is carefully selecting sampling paititeugh fulifactorial
approaches examine all combinations of variables, thegalonly at extreme values (i.e. design
space boundaries). Consequently, interior points are overlooked,RDNIscan often fail far

from the boundaries. Therefore, spatiing designs were utilized to efficiently identify and
evaluate interior points tht would provide improvements in the reducedder model. Space
filling designs attempt to efficiently evaluate a design space for a given number of computer
simulations. Design approaches include: sphere packing, Latin Hype&arpling (LHS)
uniform design, maximum entropy, and the GaussRimcess IMSE designsHSapproaches are

the most commonly used for computer experimehtsonsequently, it was selectex the basis

for developing ROMs under the current work

An LHS algorithm was developed based on concepts of the Madtathod (full details are
provided by Hengeveld and BiskAeiThrough research and analysis, the Maximin Method has
proven to be the best and most efficient methdds it is a simple and effective design to
implement and the linearity of the method results in short run tim&se Maximin Method
maxmizes the minimum distance between all sampling pdiftssting was performed on the

LHS algorithm with Maximin optimization, with poito-point distance being used as a figure of
merit to compare algorithms. As optimizing the space becomes computalyoddficult for

higher dimensions, the Euclidean distance between points can be used as an effective measure
to calculate pointto-point distancé.

N

D, =Jé (Fex) -Fx),) M
n=1

In order to test the LHS algorithm, an example design space was created and filled by seven

samping algorithms (including the developed LHS algorithm). Sampling points were generated

for a 64 x 6 matrix, with the six columns representing variables. These six variables and their

range of values were chosen as desighgpacefThiect i v

design space waested against JMP, a statistical software packag#g the following seven

sampling algorithms: LoadPatlsHSalgorithm,nominal LH&lgorithm,sphere packing, uniform

sampling algorithm, maximum entropy algorithi@aussian Process IMSE Optimal sampling

algorithm, and Fast Flexible Filling sampling algoritfesulting sampling points for each

algorithm wereevaluated by calculatingverage distance between points for the sampling

algorithm(Tablel). The developed LHS algorithm did not provide the best results (higher scores

are better) but did compare favorably to many commercially available algorithms. Rutute

will examine alternative algorithms (e.g. sphere packing approaches) to improve the sampling

methods.
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Tablel. Sampling Algorithm Comparison Results

Sampling Algorithm Average distance between points
LoadPat MgpsrcubesSamplng algorithm 87.762
nominal LHS 90.290
sampling with sphere packing 123.39
uniform sampling 88.379
sampling with maximum entropy 91.968
Gaussian Process sampling IMSE Optimal 61.285
Fast Flexible Filling sampling 95.842

Data fitting was achieved using Gaussian process (GP) regression mdtitootsuced for
computer experiments by Sacks, Welch, Mitchell, and Wiytinis approach is desirable in
computer experiments since they provide an exact fit to the training data and requirekely
parameters wherek is the number ofnput factors.GPslo not impose a specific model structure
on the underlying functionf (x), being modeleél Instead, a Gaussian prior is placed on the
range of possible functions that could represent the mapping of input faciort® output
responsesy . The Gaussian prior incorporates knowledge about the underlying function in the
data, where available, and is specified using the GP covariance funatioch provides a
relationship between training dataAlthough ®veral approaches can be utilized for this
correlation structure, the approach uselde squared exponential (SE) covariance functamre

of the mostcommort. As such, GP modeling is a rmarametric modeling technique, where the
training data are used to discover the model properties in a supervised mabedils of the
implemented GP method can be found from previous work of the authors

THERMAL DESKTOP® MERITREK

Using the previously described sampling and data fitting approach®®N creation framework
was developed for Thermal Desktog®eVeritreksoftware suite consists of@reation Toahnd
Exploration ToolTheCreation Too(Figure2) bridges the gap between detailed hiflelity
models and ROMs to more efficiently evaluate different TCS design parametttsdeoffs.

A ROM can be created using this tool by varying-apecified input parameters for selected case
sets in Thermal Desktop®, fitting the ROM to the outputs requested from the Thermal Desktop®
model, and then validating the ROM by comparinffedent combinations of inputs to the
original model. The entesult is a set of files that contain the details and fitting coefficients used

to define the ROM. The ROM can then be easily imported intdEtk@oration Toglto obtain
thermal analysis restd in near reatime. The ROM creation process for Thermal Desktop®
involves several steps.

1. The first step in the ROM creation process is to select the Thermal Desktop® model file to

be used as the higidelity thermal model, from which the surrogate RGdvdeveloped
(Figurel).
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{{ veritrek Creation Tool
File Help

ROM File Summary
ROM Name demoA_buildApr3_20180404

C:\Users\JacobMoulfon\Deskiop! Veritrek\VCT

C:\Users\HP 2620\Desktop|\Verifrek CT\VeritrekCT_demaA_v22\VeriirekCT_demod_v22.dwg

Figurel. Selection of ROM name and Thermal Desktop® model insidéevitrek.

Thermal Deskiop Model

demoA_buildApr3 20180404

\Users\HP 2620 Desktop|Veritrek CT\VeritrekCT_demoA_v22\VeritrekCT_demoA_v22.dwg

2. Next, input factorand their rangeare selected that will be included in the R@~gure
i repr esenlanalysisamd var i a

2. These
includeThermal Desktop® symbols or case sets. The input factors and their range define

nput factors

the design space for ROM creation.

Thermal Desktop Symbols

| Conductance | Geometry | Heat Load | Optical | orbital | ofher |

Inputs Summary

Include? Name

Valve Expression Comment

[] Absorptivity_Bus 0.2
[l Absorptivity_Radiator 0.8
E ivity_Bus 0.03
a 08
a 09

I

Absorptivity value for the external surfad

HeatLload  Heat_Load_Payload
Optical Effective_Emissivity_Bus

Conductance Conductance_Payload_Exterior
Geometry  Length_Factor_Radiator

Nominal Value Minimum Maximum Interpolation Methq

10 250 Continuous
1 4 Integer

50 750 Confinuous
0.03 0.2 Continuous

Thermal Desktop Case Sets

Case Sets Summary

Cold Case
Hot Case

Cold Case
Hot Case

Add

=

Check Inputs

Figure2. Selection of input factors from a Thermal Desktop® model insid& efitrek.

3. The third step in the ROM creation process is to select output resgbitgee3). This is
performed in a similar fashion to the selection of input factors. The buésponses

represent

the outputs

of

nterest

temperatur@r an entire submodel temperature, among many others.
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ROM File Summary
demoA_buildApr3_20180404

Ci\Users\JacobMoulton\Deskfop)\Veritrek\VCT

Ci\Users\HP 2620\Desktop\Varitrek CT\VarifrekCT _demoA_v22\VaritrekCT_demoA v22.dwg

Model Selection Model Output Output Requasts

r Nodes [ P—

ANTENNA Include? Group Minimum Mean  Maximum

Name Type

O BUS *All_Nodes o (=]
ranioan
ROM mary RADIATOR BUS
f SOLARARRAY_MINUS.
ROM Cr SOLARARRAY_POSITI\ . PAYLOAD
1 RADIATOR
RON ting ] SOLAR_ARRAY_MINUS_Y

SOLAR_ARRAY_POSITIVE_Y
¥  Payload Housing

Figure3. Selection of output responses from a Thermal Desktop® model insidéevitrek.

4. The fourth step in the ROM creation process is to select the sampling arfitidigta
algorithm to be usedFigure 4). Parameters can be adjusted such as number of
training/validation runs per category and dfittang lengthscales, among others.

demoA_buildApr3_20180404
C:\Users\JacobMautton| Deskiop)\ Veritrek\VCT

C:\Users\HP 2620\ Desklop)\Veritrek CT\VeritrekCT_demoA_v22\VeritrekCT_demoA_v22.dwg

M
ROM Setvp Check Model
Categorical Combinations L]
Outputs 1 Training Runs/Category e
ROM Sofup & v 1 Validation Runs/Category 3 <reais uns
ROM
Sampling [S] Latin Hypercube
ng
Data Fitting [s ory
ROM St y
ROM Summary
Selected Categorical Input Factors Selected Case Seis Selected Outputs
|_Min | Max | Interpolation | Ind. Variable | B8 Name | Name Type | |
Lengt_Factor_Ra 1 4 integer Cold Case Payload Housing  Graup
Selected Continuous Input Factors

| Min | Max | Interpolation | Ind. Variable | |

Conductance_Pay 10 250 c
Heat_Lood_Payle 50 750
Effective_Emissivit  0.03 02

Figured. Selection of samplingrad data fitting algorithms inside oVeritrek.

5. The fifth step involves the actual automated generation of the ROM. Thermal Desktop®
runs are created based on the input factors, output responses, and sampling algorithm
settings. TheCreation Toolcommunicates with Thermal Desktop® usimgAgpplication
Programming Interface (API) introduced in Thermal Desktop® 6.0. The API is provided
via the Microsoft .NET framework and allows Windows applications written in the C# or
VB.NET programming languagé#s interact with Thermal Desktophese runs, along with
their corresponding output response data, are grouped together as training data. The final
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ROM creation step includes running the generated training data through tspeséed
datafitting algointhm to effectively fit the ROMEigure5).

Status
Number of Completed Runs

Training Runs | Validation Runs

StatusCase Set Length_Factor_RadiatorConductance_Payload_ExteriorHeat_Load_PayloadEffective_Emissivity_Bus Total Number of Runs
Cold Case 1 206.363636363636 358.181818181818 0.1381812818181818
Cold Case 1 228.181818181818 686.363636363636  0.0609090909090909 . Percentage Complete
Cold Case 1 75.4545454545455 431.818181818182  0.165090909090909 L Estimated Time Loft
Cold Case 1 119.090909090909 304.545454545455 0.107272727272727
Cold Case 1 140.909090909091 559.090909090509 0.03
Cold Case 1 53.6363636363636 750 0.153636363636364
Cold Case 1 162.727272727273 240.909090509091 0.2 ROM Creation Control
Cold Case 1 31.8181818181818 495.454545454545  0.0763636363636364
Cold Case 1 250 177.272727272727  0.0918181818181818
Cold Case 1 $7.2727272727273 50 0.0454545454545455
Cold Case 1 10 113.636363636364  0.184545454545455
Cold Case 1 184.545454545455 622727272727273  0.1227272727272
Cold Case 2 206.363636363636 362.181818181812  0.138181218181818
Cold Case 2 228.181818181818 £86.363636363636  0.0609090909090909
Cold Case 2 75.4545454545455 431.818181818182 0.169090909090909
[ Expon_|
Activity Log

Figure5. Automated ROM creation using Thermal Desktop® runs inside Veritrek

ng Maxirmum Temperature =

6. The final step in creating a RO s o s
is testing. In this step, tr : :
performance of the ROM iPaonad Housing Maximum Temperature
compared to that of the origin S
high-fidelity Thermal DesktopG
model. This involves solvin
several additional Therm.
Desktop® runs, computing tf
estimated resultsom the ROM
using the same inputs, a I
comparing the outputs dioth. W - —
Comparison plotsnclude ROM s mERmomE men
versus Thermal Desktop€ Test Temperature
results Figure6). In addition 10 Figyre6. Testing comparing ROMNd Thermal
these comparison plots, ROM Desktop@&esults.
verification and validation is also
shown through performance metrics. Metri cs
standard deviation of thesidual compared to Thermal Desktop® outputs.

ROM Temperature

7. The Exploration Tool(Figure 7) provides a framework for visualizing and analyzing
developed ROMs. In adibn to typical toolbars, this software provides a session manager,
input factor pane, and output response pane. The Session Manager is used as an
organizational tool, as each group of analyses is stored into S&®®enwhich are
recorded for quick anéasy access within the Session Manage nput factor pane
allows for the selection of different variable and variable values when performing an
analysis, and theutputresponse pane displays graphical or numerical results.
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Main Toolbar Title Ribbon

- o X
VERITREK
Test Plan Hex Analysis: Point Analysis Run: 1
> Orbit: 0 Cold-Case Hot-Case " Co.
Pointing: 0 Nadir Anti-Sun c :“’" 'T:‘P an.. | Cou. | | g, |Rad-.|Ran | M| Mini ;ﬂ‘“‘
¥ Test Plan Hex Run Name [ Orbit |Point| % | "% |1 o, [ po., 129 | M9 |scal, [ Co. f Tem.. | Tem..| 1
Componen... ®  OnePayload One Component p. Plac..| Tra... |Con... Abs...|Emi.. Diffe
(W/K]| (W Fact. w1 K
¥ & Point Analysis . T m; [W/.. K
Y [
2::;";::?""' 100 250 400 550 700 1000 1 Cold-..| Na...| On.. [1000] 100 | 100 | 10.0 [0.050]0.100] 01 [100] 4153 [326.7] 219
2 Hot-... | Ant...| On... | 700.0 |400.0| 50.0 |100.0/0.500|0.900| 1.0 (500§ 352.3 | 3204 ( 17.8
8 M: = T ———TT H
V] 5 In-PlaneThermal . 0" ygki s Re T bt b [ 100 8 3 Cold-.| Na...| On.. | 2000]1000] 200 | 250 |0.100[0.300] 03 |200 3173|2899 232
3 = L) © 4 Hot-... | Ant...| On... |300.0 (200.0| 30.0 | 50.0 |0.200|0.500| 0.5 (30.0 § 3500 | 318.6 [ 29.4
S i s G )
Panel-to-Panel... 10 20 30 40 50 [ 100 5 Cold-...| Ant...| On... |4000[3000] 40.0 | 75.0 [0.300]0.700] 08 [400) 316.0]279.2] 324
4
Component Power .. 100
5
Radiator Absorptivity o5 o [ 0050
» @ Factor Sweep Analysis
Radiator Emissivity 09 [ 0.100

Radiator Scaling ...

Rt Condoctn. T [ 0]
Vertical Title Bars with /
resizable and collapsible

dividers Output Response Parne
Input Factor Pane » i

Figure7. Typical screen inside the Veritrek Exploration Tool.

Session
Manager

Five analysis features are available in Yeritrek Exploration Toa@nd include: point analysis,
factor sweep analysis, surface plot analysis, screening analysis, andzapitm analysis. The
following section provides two case studies and examples of several of these analysis features.

EXAMPLES AND APPLIONS

Orion Crew Exploration Vehicle (CEV)

A simplified Orion Crew Exploration Vehicle (C
thermal model, developed in Thermal Desktop®, was
converted into a ROM. THeEV thermal model consisty
of an external fluid loop and detailed heat rejection
system (i.e. radiatorsjFigure8). Simulating internal

a single heat source (i.e. symbol QLOAD). The fluid
setpoint {.e. temperature of FLOW.487) is controlle
via a PID to control the flow (via a bypass loop) through
a regenerative heat exchanger. Heat dissipatiorrigare8. lllustration of Simplified Oriol
rejected to a constant temperature environmerithe CEVThermal Desktop® Model.

Orion CEV thermal model consists of several thermal

submodels (e.g. radiator submodel) and one fluid submodel (i.e. FIE288d on discussion with
NASA personnel, evaluation of the thermal model, and results of a factor screening effort, the
following input factors and corresponding ranges were selecteduke in subsequent ROM
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efforts (Table2). Also included are nominal values (i.e. values that were utilized in the supplied
thermal model).

Table2. Summaryof Input Factors

No. Input Factor Symbol Name Range
. . : Dynalene HC 50, Galde
1 Working Fluid Not Applicable HT 170, HFE 7000
2 Regenerator Area per Node Aheat HFC 0.5t02.0m
3 Space Temperature TEMP_SPACE 0 Kto 300 K
4 Radiator Emissivity Opt_Epsilon 0.7t01.0
5 Radiator Fin Efficiency rad_fin_eff 0.7t0 1.0
. : 0.003175 m
6 Tube Inside Diameter RadTubD 0 005080 I
7 Fin-to-Tube Conductance TContact 50 to 1000
8 Regenerator Thermal Mass per No HX_THERMAL_MASS 500 to 4,000 J/K
9 Heatload QLOAD 0 to 4,000 W

Based on discussion with NASA personnel and evaluation of the thermal model, the following
primary output responses were selected for use in subsequent redoogelr modeling efforts
(Table3).

Table3. Summaryof Primary Output Responses

No. Output Response  Symbol Name Description
1 Setpoint Temperature FLOW.487 Temperature of FLOW.487 at end of simulati
2 Fluid Hydraulic Power Varies Calculated fluid hydraulic power based.
3 Pressure FLOW.365 Pressure at FLOW.365
4 Pressure FLOW.2262 Pressure at FLOW.2262
5 Pressure FLOW.2272 Pressure at FLOW.2272
6 Flow Rate System flow rate
7 Average Re Varies Average &T as a resu

Based orthe LHSlgorithmand the developed highesolution thermal model, training data was
obtained. This data provided the foundatiarpon which the ROM was developeding GP
methods For the HFE 7000 working fluid, the ROM predicted temperatures (ipogdtand
average radiator AT) with a maximum residual
model predicted fluid hydrulic power with a maximum residual mean of 0.02 W and standard
deviation of 0.09 W. Finally, it predicted pressures with a maximum residual mean of 0.08 kPa
and standard deviation of 0.6 kPa with a maximum percent difference standard deviation of 0.6%.
The ROM did not perform well in capturing time to steagtgte and percent bypass axlicated

by high residuals and % difference values. In fact, maximum and minimum percent bypass values
were unrealistic (i.e. greater than 100% and less than 0%, respggtiResults indicated that
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the ROMs provide a useful surrogate for smooth functions.-Bloooth functions (e.g. Time to
Steady State) challenge ROM predictive capabilities. However, these might be overcome by
providing higher sampling densities around skeediscontinuities.

The Orion CEROM that 25=
was developed could b ]
used to perform many ]
different TCS desig 15+
trade-offs. Using the ]
Exploration Togl a
screening analysis stuc
was  performed tc
determine which inpui
factor has the mos
significant impact on the
setpoint temperature of
the CEV. Results from
screening analysis wel ]
obtained within seconds 204-----
Example results can t '
seenin Figure 9. From
these instantaneou:
results, it can Dbe
determined that Spac
Temperature anc
Heatload have the most Figure9. Screening Analysis results using the Orion CEV ROM
significant impact on the

Setpoint Temperaturewhile Working Fluid, and Radiator Emissivity also impact thep&at
Temperature.
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In addition to the screening analysis study, a factor sweep study was performed to observe in
detail how changes in a single input factor impact output results for a cedasign case. This
factor sweep analysis was performed using Ehgloration Toglby setting all input factors to a
certain value and observing how changes to a single input factor impact an output response. For
example, a certain design revision of ®©eion CEV may call for a specific Tube Inside Diameter
and Radiator Fin Efficiency, while another design revision may involve a different Tube Inside
Diameter and Radiator Fin Efficiency; however, the emissivity of the radiator may not be known
in either d these revisions. In this case, a factor sweep analysis can be used to observe how
changes to radiator emissivity impacts fluid hydraulic power for each of these design revisions. A
table of example input factor settings for each of these design revi$RBYA and REVB) can be
seen inTable4. Results from this example of a factor sweep analysistaoe/n inFigurelO.
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Table4. Summary oinput FactorSettingfor Orion CEV Factor Sweep Analysis

Working ~ Regenerator Radiator Fin Tube Inside Finto-Tube o
) I . Conductance
Fluid Area per Node  Efficiency Diameter - load
Coefficient
[m?] [--] [m] [--] [W]
REVA DYN HC 50 0.5 0.9 0.004 50.0 1000.0
REVB DYN HC 50 0.5 0.8 0.005 50.0 1000.0

From these results, it can be seen tiREVAalways yields higher Fluid Hydraulic Power compared

to REVB, but that both design revisions experience a maximum Fluid Hydraulic Power at a radiator
emissivity value of about 0.9. This result may help a thermal engineer decide which optical
coating to usdor the radiator.Thisanalysis could be easily expanded to include: other working
fluids, additional tube inside diameters, and a range of heat loads, to name a few.

4.75

4.50=

4.25+

4.00-

3.754

O Fluid Hydraulic Power [W]

3.50

3.25=

3.00 T 1 T K -
0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00 1.0t
Radiator Emissivity 250

Figurel0. Factor Sweep Analysis results usini  Figurell. Surface Plot Analysis results
the OrionCEV ROM. using the Orion CEV ROM.

This analysis can be taken a step further, and a Surface Plot Analysis could be used to try and
determine an overall radiator design that will maximize fRluid Hydraulic Power of the Orion
CEV. From within th¥eritrek Exploration Togh Surface Plot Analysis can be used to observe
the impact that two input factors have on a single output response. In this case, both Radiator
Emissivity and Radiator Hifficiency can be analyzed with Fluid Hydraulic Power as the output
response. A Surface Plot Analysis performs two individual factor sweeps and plots them together
as a 3D plot, which can be seerFigurell. Results again show that a maximum Fluid Hydraulic
Power occurs at a radiator emissivity value of about 0.9, but that this can also be coupled with a
Radiator Fin Efficiency of about 0.92 to ackiew overall radiator design that maximizes Fluid
Hydraulic Power. Again, this analysis could be expanded to include different working fluids, heat
loads, etc. The screening analysis, factor swaggdysis and surface plot analysis are just three
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examplesof effective thermal design studies that can be performed instantaneously with a
reducedorder model.

CONCLUSIONS

When properly developed, reducemtder models (ROMs) can overcome challenges by providing

a computationally efficiensurrogate that accuratlg captures the effects of an underlying high
fidelity model (e.g. Thermal Desktop®). ROMs can then provide thousands of simulation results
in seconds which enables evaluation of large design spaces. A ROM scheme was developed in
combination with Thermal &ktop®. The approach utilizes a statistical sampling scheme (as
opposed to nodal minimization) that relies on Latin Hypercube Sampling (LHS). Test results
showed that the developed LHS compared favorably to many commercially available algorithms;
however,improvements could be made. Following sampling, a statisticaHu#iteg scheme that

relies on Gaussian Process (GP) techniques was utilized to generate the ROM.

A ROM creation framework was developed for Thermal Desktop® and includes the Veritrek
Creation and Exploration Tools. Together, this software suite enablesssrd to develop and

use ROMs from Thermal Desktop® models. The tools provide aastsmated method for
generating ROMs and provide users with five analysis features includimg:gpalysis, factor
sweeps, surface plots, screening, and optimization studies. This approach was successfully
applied to two applications: the Orion Crew Exploration Vehicle and a nominal Hex Spacecraft
Bus. Results compared favorably to the underlyingrirtal Desktop® model and several analysis
approaches were developed and implemented. In the future, additional features and capabilities
will be explored and added based on the foundation of this work. Examples might include:
additional sampling and datatting schemes, implementation of uncertainty quantification
methods, ROM/test correlation capabilities, and/or ROMs for controller designs.
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NOMENCLATURE, ACROISYABBREVIATIONS

D Euclidean distance between points
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number of input factors

N number of points

GP  Gaussian Process

IMSE Integrated MearSquare Error

LHS Latin Hypercube Sampling

ROM ReducedOrder Model

TCS thermal control subsystem
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